Introduction {#Sec1}
============

The Hierarchy problem of the Standard Model (SM) could be solved by assuming that the Higgs is a pseudo Nambu-Goldstone Boson (pNGB) of a spontaneously broken global symmetry \[[@CR1]--[@CR4]\]. In this scenario, the Higgs is not an elementary particle but rather a composite state whose constituents are held together by some new strong force. In this respect, the Composite Higgs resembles other scalars found in nature, the QCD pions. An extended composite sector could also explain the origin of dark matter (DM) \[[@CR5]--[@CR12]\]. The same strong dynamics responsible for the Higgs may produce a stable neutral scalar bound state, a composite DM candidate. This could be considered in analogy to the Proton, another QCD bound state, which is an abundant particle in our universe, whose stability is insured by an (accidental) global symmetry. The composite DM candidate is a pNGB and it could be naturally as light as the weak scale, which fits in the weakly interacting massive particle (WIMP) paradigm.

One realization of the composite Higgs scenario is the Littlest Higgs \[[@CR13]--[@CR19]\]. The original model is strongly constrained by electroweak precision tests (EWPT) due to tree level contributions to electroweak observables \[[@CR20]--[@CR27]\]. These constraints required the symmetry breaking scale *f* to be a few TeV, thus reintroducing considerable fine-tuning.

*T*-Parity has been proposed in order to prevent tree-level exchanges of heavy states \[[@CR28]--[@CR31]\]. The new heavy states are odd under a discrete *T*-parity, therefore contributions to electroweak observables are possible only at the 1-loop level. This allows the symmetry breaking scale *f* to be *O*(1) TeV. As an added benefit, *T*-Parity can be used as a stabilizing symmetry for a DM candidate, as the lightest *T*-odd particle is guaranteed to be stable.

In this work, we consider the phenomenology of a Littlest Higgs model with *T*-parity (LHT) with a consistent implementation of *T*-parity in the fermionic sector \[[@CR32]\]. Compared to the simplest LHT model, one enlarges the symmetry breaking pattern and also the unbroken symmetry group *H* which allows a complete composite representation containing just one fermion doublet. In particular, we analyze the DM phenomenology of a composite singlet scalar. In Sect. [2](#Sec2){ref-type="sec"} we present the model and motivate the extension leading to the larger Goldstone sector. In Sect. [3](#Sec10){ref-type="sec"} we briefly review the scalar potential structure. A detailed discussion of the scalar potential can be found in Appendix [1](#Sec36){ref-type="sec"}. In Sects. [4](#Sec11){ref-type="sec"} and [5](#Sec21){ref-type="sec"} we derive constraints on the model parameters from recent LHC searches and EWPT. In Sect. [6](#Sec22){ref-type="sec"} we discuss the DM phenomenology of the composite singlet DM. We finally summarize our results and conclude in Sect. [7](#Sec34){ref-type="sec"}.

Model {#Sec2}
=====
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Let us understand how linear representations of *SU*(5) transform under *T*-parity. One can use Eq. ([9](#Equ12){ref-type=""}) to show that each transformation $\documentclass[12pt]{minimal}
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A UV doubling problem, making the *T*-odd doublet massive {#Sec3}
---------------------------------------------------------

The coset structure of LH with *T*-parity is in tension with the SM matter content \[[@CR32], [@CR33]\]. The low energy theory must contain a *T*-even massless *SU*(2) doublet, the left-handed quark doublet of the SM. Since *T*-parity can be understood as an exchange symmetry between the two gauged *SU*(2) subgroups of *SU*(5) (we omit the *U*(1) factors for the following discussion), one must therefore introduce two doublets $\documentclass[12pt]{minimal}
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Let us examine now the VEV's which we can use to write this term in a gauge-invariant way. In Sects. [2.1.1](#Sec4){ref-type="sec"} and [2.1.2](#Sec5){ref-type="sec"} we briefly examine two different constructions presented in the literature that generate the mass term of Eq. ([14](#Equ17){ref-type=""}). We mention possible shortcomings of these constructions, which motivate the construction used in this work, presented in Sect. [2.1.3](#Sec6){ref-type="sec"}. Readers interested only in the details of the model used in this work, may skip directly to Sect. [2.1.3](#Sec6){ref-type="sec"}.

### Non-linear formulation of a massive odd doublet {#Sec4}

One construction commonly presented in the literature uses the CCWZ formalism \[[@CR34], [@CR35]\]. The main advantage of this approach is that no new sources of spontaneous symmetry breaking are needed.

First we have the linear representations of *SU*(5) \[[@CR29]\]$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \Psi _1 = \begin{pmatrix} \psi _1 \\ 0 \\ 0 \end{pmatrix}_{\overline{\mathbf {5}}}, \quad \Psi _2 = \begin{pmatrix} 0 \\ 0 \\ \psi _2 \end{pmatrix}_{\mathbf {5}}, \end{aligned}$$\end{document}$$with the following *T*-parity transformation$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \Psi _1 ~\rightarrow ~ \Omega \Sigma _0 \Psi _2. \end{aligned}$$\end{document}$$A mass term for the *T*-odd combination is constructed using a non-linearly transforming field$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \tilde{\Psi }^c = \begin{pmatrix} \psi ^c_1 \\ \chi ^c \\ \psi ^c_2 \end{pmatrix},\quad \text { a }{\mathbf {5}} \text { of } SO(5). \end{aligned}$$\end{document}$$Under a transformation $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$g\in SU(5)$$\end{document}$$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \tilde{\Psi }^c ~\rightarrow ~ O(\Pi _\Sigma ,g) \tilde{\Psi }^c, \quad O \in SO(5). \end{aligned}$$\end{document}$$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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We conclude that the model requires additional structure in order to give mass to the *T*-odd combination without explicit breaking of the global symmetry.
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Goldstone sector {#Sec8}
----------------
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Matter sector {#Sec9}
-------------

The top Yukawa generates the largest quadratically divergent contribution to the Higgs mass, therefore we limit our discussion to the third quark family. The terms in the top sector must respect enough of the global symmetries in order for the Higgs mass to be protected from 1-loop quadratically divergent contributions. This mechanism is usually referred to as "collective" symmetry breaking. In order to respect these symmetries we enlarge the multiplets introduced in Eq. ([16](#Equ19){ref-type=""}) and introduce top partners. The quadratically divergent contribution to the Higgs mass from these top partners would eventually cancel out with the top contribution. We start by introducing left-handed Weyl fermions. We embed the doublets $\documentclass[12pt]{minimal}
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Scalar potential {#Sec10}
================

At tree level, the pNBG's interact only through derivative interactions and their classical potential vanishes. The gauge and top sector couplings explicitly break the global symmetry. The classical scalar potential is radiatively generated from fermion and gauge loops. At 1-loop the fermion and gauge loops contributions are given by \[[@CR37]\] $$\documentclass[12pt]{minimal}
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The rest of the operators in Eq. ([73](#Equ89){ref-type=""}), including the Higgs mass term $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu ^2$$\end{document}$, are generated through logarithmically divergent loops, and as such they exhibit a mild dependence on the UV cutoff scale. The explicit calculations, found in Appendix [1](#Sec36){ref-type="sec"}, give us an order of magnitude estimation for the IR contribution to these operators at 1-loop. However quadratically divergent 2-loop diagrams as well as UV contributions can have comparable effects on these operators. Therefore we do not presume to be able to predict these couplings accurately in terms of the fundamental parameters of this model. In this work we treat the couplings in Eq. ([73](#Equ89){ref-type=""}) as free parameters, except $\documentclass[12pt]{minimal}
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LHC phenomenology {#Sec11}
=================
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The *T*-even singlet is responsible for cancelling the quadratically divergent top loop contribution to the Higgs mass, hence it is the standard top partner predicted by composite Higgs models. It can be doubly produced at the LHC via QCD processes, as well as singly produced with an associated third generation quark through the following EW interactionsIn this model, $$\documentclass[12pt]{minimal}
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### Decay modes {#Sec13}
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### LHC searches {#Sec14}
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The phenomenology of the *T*-odd singlet resembles that of a stop squark with conserved R-parity. It can be doubly produced at the LHC via QCD processes, and consequently decay to tops and missing energy.

### Decay modes {#Sec16}
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### LHC searches {#Sec17}

We performed a simple recast of recent stop bounds by accounting for the enhanced production cross section of the fermionic $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^-$$\end{document}$ relative to the scalar stop squark case. We would like to account for the presence of the *T*-odd doublet, which contributes to the same final states as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^-$$\end{document}$. We postpone the derivation of these bounds to Sect. [4.3](#Sec18){ref-type="sec"}.

*T*-odd doublet $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\psi ^-$$\end{document}$ {#Sec18}
----------------------------------------------------------

The phenomenology of the *T*-odd doublet resembles that of a mass-degenerate stop and sbottom squarks with conserved R-parity. The upper (lower) component up $\documentclass[12pt]{minimal}
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### Decay modes {#Sec19}
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### LHC searches {#Sec20}

The *T*-odd sector contains two top-like and one bottom-like fermions. We perform a recast of recent bounds on stop and sbottom masses by accounting for the enhanced production cross section of a fermionic colored top partner, along the lines of \[[@CR40]\] and \[[@CR41]\]. The quoted bounds in Ref. \[[@CR42]\] for the stop and sbottom masses are$$\documentclass[12pt]{minimal}
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Electroweak precision tests {#Sec21}
===========================

The main contributions to electroweak precision observables are unaffected by the extended coset structure. The mixing in the left-handed sector generates a correction to the T oblique parameter due to loops of the *T*-even singlet $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^+$$\end{document}$ \[[@CR31]\]$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} T_{T^+}&= T_\text {SM} \,{s_L}^2\,\,\left[ \frac{{s_L}^2}{x_t}-2+{s_L}^2-\frac{2{s_L}^2}{1-x_t}\log x_t \right] , \end{aligned}$$\end{document}$$with $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} T_\text {SM}= & {} \frac{3}{16\pi }\,\frac{1}{s_w^2c_w^2}\,\frac{m_t^2}{m_Z^2}\approx 1.24, \end{aligned}$$\end{document}$$ $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} x_t\equiv & {} \frac{m_t^2}{m_{T^+}^2} \approxeq \left( \frac{\lambda _2^2-1}{\lambda _2^4}\right) \xi ,, \end{aligned}$$\end{document}$$ and$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} s_L \equiv \sin \theta _L \approxeq \sqrt{\frac{x_t}{\lambda _2^2-1}} . \end{aligned}$$\end{document}$$We express $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T_{T^+}$$\end{document}$ in terms of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x_t$$\end{document}$ using Eq. ([95](#Equ117){ref-type=""}). In light of the LHC constrains on the *T*-even top partner mass of Eq. ([80](#Equ97){ref-type=""}), we expect $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x_t \le 0.03 \ll 1$$\end{document}$. We therefore expand Eq. ([93](#Equ114){ref-type=""}) to leading order in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x_t$$\end{document}$: $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \frac{T_{T^+}}{ T_\text {SM}}\approx & {} \left( \frac{ x_t }{\lambda _2^2-1} \right) \left( 2\log \frac{1}{x_t}+ \left[ \frac{1}{\lambda _2^2-1}\right] -2\right) \end{aligned}$$\end{document}$$ $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned}= & {} \left( \frac{ \xi }{\lambda _2^4} \right) \left( 2\log \left[ \frac{\lambda _2^4}{(\lambda ^2_2-1)\xi }\right] + \left[ \frac{1}{\lambda _2^2-1}\right] -2\right) .\nonumber \\ \end{aligned}$$\end{document}$$ An additional contribution to the T parameter is due to loops of *T*-odd heavy gauge bosons. The correction is proportional to the mass splitting after EWSB,$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \Delta m_{W_H}^2 \equiv m_{W^3_H}^2-m_{W^\pm _H}^2 = \frac{1}{2} f^2 g^2 \sin ^4 \left( \sqrt{\frac{\xi }{2}} \right) , \end{aligned}$$\end{document}$$neglecting corrections of order $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$O(g'^2)$$\end{document}$. The *T*-odd gauge loops generate the following correction to the T parameter \[[@CR31]\]$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} T_{W_H}= & {} - \frac{9}{16 \pi c_w^2 s_w^2 M_Z^2} \Delta m_{W_H}^2 \log \left( \frac{\Lambda ^2}{f^2 g^2 (1+r^2)}\right) \nonumber \\= & {} - \frac{9}{16 \pi s_w^2 } \xi \log \left( \frac{\Lambda }{f g \sqrt{1+r^2}}\right) . \end{aligned}$$\end{document}$$This correction is $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\lambda _2$$\end{document}$ independent, and becomes the dominant one for higher values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\lambda _2$$\end{document}$ as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T_{T^+}\rightarrow 0$$\end{document}$. We assume that the UV contributions to these loop processes are sub-leading with respect to the log-enhanced IR contribution.

Let us mention that the oblique *S* and *U* parameters also receive corrections due to the mixing the LH fermion sector. As noted in Ref. \[[@CR31]\], the size of these corrections are an order of magnitude smaller than the correction to the *T* parameter and are therefore sub-leading. Additionally, the $\documentclass[12pt]{minimal}
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The combinations of the EWPT and LHC constraints are plotted in  Fig. [4](#Fig4){ref-type="fig"}. For $\documentclass[12pt]{minimal}
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Dark matter phenomenology {#Sec22}
=========================

Spectrum {#Sec23}
--------

The lightest *T*-odd particle (LTP) in the spectrum is stable and therefore a natural DM candidate. One possible LTP is the gauge field $\documentclass[12pt]{minimal}
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Singlet-triplet mixing {#Sec24}
----------------------

The last term of the scalar potential in Eq. ([73](#Equ89){ref-type=""}) induces mixing between the singlet *s* and the neutral component of the triplet $\documentclass[12pt]{minimal}
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Annihilation cross section {#Sec25}
--------------------------

The DM relic abundance is calculated by solving the Boltzmann equation for the particle density \[[@CR50]\]$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \Omega _{\text {DM}} h^2 = 0.1199 \pm 0.0027. \end{aligned}$$\end{document}$$In the following we consider three types of interactions relevant to our model that determine the annihilation cross section, the Higgs portal, the derivative couplings and the contact term \[[@CR5], [@CR6]\].

### Higgs portal {#Sec26}

Due to the explicit breaking of the global symmetry, the scalar potential of Eq. ([73](#Equ89){ref-type=""}) is generated radiatively, and in particular the following operators are present in the theory$$\documentclass[12pt]{minimal}
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                \begin{document}$$O(10\%)$$\end{document}$. To obtain a viable model we assume that additional contributions generate cancellations of order a few in order for the Higgs portal coupling to take smaller values. These additional contributions can originate from UV physics, e.g loops of heavier resonances, and higher loop order diagrams containing the lightest top partners . The latter can be quadratically dependent on the UV scale, since we expect the collective breaking mechanism to break down at higher loop order. These additional contributions are expected to be comparable to the leading logarithmic contributions, allowing a substantial cancelation with the leading order contributions to take place in some parts of parameter space.

### Goldstone derivative interaction {#Sec27}

The kinetic term of the non linear sigma model of Eq. ([46](#Equ52){ref-type=""}) contains derivative interactions among the Goldstone fields, in particular$$\documentclass[12pt]{minimal}
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                \begin{document}$$m_s^2 /f^2$$\end{document}$, and we expect them to become increasingly stronger for heavier DM masses or lower values of *f*. They affect all the annihilation channels of the Higgs portal couplings, typically resulting in destructive interferences \[[@CR5]\]. We discuss this effect in detail in Sect. [6.4](#Sec29){ref-type="sec"}. As *r* increases, $\documentclass[12pt]{minimal}
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### Contact term {#Sec28}

The non-renormalizable nature of the theory and the mixing in the top sector leads to the appearance of the following contact term,$$\documentclass[12pt]{minimal}
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Relic abundance {#Sec29}
---------------

We can characterize the DM phenomenology in 3 distinct mass regions, see also \[[@CR56]\]. In the first region where $\documentclass[12pt]{minimal}
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### Portal coupling dominance {#Sec30}

In regions of parameter space where$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} m_s \ll \sqrt{\lambda _{\text {DM}}}f, \end{aligned}$$\end{document}$$the composite features of the DM are negligible, and the phenomenology is that of the standard singlet DM \[[@CR53]--[@CR55]\], where irrelevant operators are irrelevant. In this area of parameter space, the thermally averaged cross section is approximately$$\documentclass[12pt]{minimal}
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This region can be seen in the left panel of Fig. [5](#Fig5){ref-type="fig"} where $\documentclass[12pt]{minimal}
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### Contact term dominance {#Sec31}
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                \begin{document}$$\begin{aligned} m_s \sim \sqrt{\lambda _{\text {DM}}}f, \end{aligned}$$\end{document}$$the derivative interactions and Higgs portal are comparable. In this region $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x > m_t/f$$\end{document}$ we find that $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\langle \sigma v \rangle $$\end{document}$ is positive since the singlet is kinematically allowed to decay into tops. For a particular value $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x = x_{\text {max}}$$\end{document}$ defined by$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \sigma _0(x_{\text {max}})f_2(x_{\text {max}}) = 1~\text {pb}, \end{aligned}$$\end{document}$$the observed relic abundance is produced. In the parameter space where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_t/f< x < x_{\text {max}}$$\end{document}$ we find that $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\langle \sigma v \rangle < 1~\text {pb}$$\end{document}$ and the singlet is over-abundant. This range is also experimentally excluded. For coupling and masses such that $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ x_{\text {max}}<x$$\end{document}$ we find that $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\langle \sigma v \rangle > 1~\text {pb}$$\end{document}$ and the singlet is under-abundant. In this region an additional source of DM must be present in order to account for the observed relic abundance. We conclude that for a given point in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(\lambda _2,r,f)$$\end{document}$ parameter space, the largest DM mass for which the singlet can account for the entire DM relic abundance is therefore given by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_s^{\text {max}} = \sqrt{x_{\text {max}}}f$$\end{document}$.

The relevant parameter space in the left panel of Fig. [5](#Fig5){ref-type="fig"} corresponds to the region where $\documentclass[12pt]{minimal}
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### Derivative interaction dominance {#Sec32}

In the regions of parameters space where$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} m_s \gg \sqrt{\lambda _{\text {DM}}}f, \end{aligned}$$\end{document}$$the irrelevant operators, namely the dimension 6 operators corresponding to the derivative interactions, are dominating, and the annihilation cross section grows with the singlet mass. The observed relic abundance is produced for$$\documentclass[12pt]{minimal}
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                \begin{document}$$ \lambda _{\text {DM}}< \lambda _{\text {DM}}^-$$\end{document}$ the singlet is under-abundant. In this region an additional source of DM must be present in order to account for the observed relic abundance.

In the left panel of Fig. [5](#Fig5){ref-type="fig"}, the derivative interactions become dominant at $\documentclass[12pt]{minimal}
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Direct detection {#Sec33}
----------------

The model was implemented using [FeynRules]{.smallcaps} \[[@CR57]\] and exported to micrOMEGAs \[[@CR58]\]. The strongest direct detection bounds are due to XENON1T \[[@CR59]\] after 34.2 live days. Scan results for this model can be seen in Fig. [6](#Fig6){ref-type="fig"}. The two branches appearing in each panel represent the two possible solutions for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\lambda _{\text {DM}}$$\end{document}$ for each mass value which produce the observed relic abundance. The branches meet at some maximal DM mass, above which the singlet is always under-abundant. The upper branch is ruled out by direct detection. Some of the lower branch is still consistent with experimental bounds. In the region where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_s \approx \sqrt{x_{\text {min}}}f$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\lambda _{\text {DM}}$$\end{document}$ can be arbitrarily small, thus avoiding direct detection. In this regions, the theory gives a sharp prediction for the DM mass. At mentioned previously, the naive IR contribution to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\lambda _{\text {DM}}$$\end{document}$ is too big and of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$O(10\%)$$\end{document}$. We therefore assume that additional contributions from UV physics and higher loops generate mild cancellations, allowing this coupling to take the allowed $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$O(1\%)$$\end{document}$ values.
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Conclusions {#Sec34}
===========

In this work we have presented a viable composite dark matter (DM) candidate within the Littlest Higgs with *T*-parity framework. We started by motivating a minimal extension of the original coset which allows the *T*-odd doublet to acquire a mass without introducing additional sources of explicit symmetry breaking. The extended coset contains a *T*-odd electroweak singlet. This singlet is naturally light and therefore it is reasonable to assume it is the lightest *T*-odd particle, which insures its stability.

The top sector is implemented using a collective breaking mechanism, insuring the absence of quadratically divergent contribution to the Higgs mass at 1 loop. *T*-parity implies a rich LHC phenomenology: in addition to the usual (*T*-even) top partners, the top sector contains *T*-odd top partners. This *T*-odd top partners can be doubly produced via QCD in the LHC and decay to standard model (SM) particles and missing energy. We have derived lower bounds on the masses of the *T*-even and *T*-odd top partners from various LHC searches. When combined with electroweak-precision-test (EWPT) bounds, we derived a set of constraints on the parameter space of the model.

We examined the DM phenomenology of the composite singlet DM within the allowed parameter space. The usual "elementary" singlet DM scenario is heavily constrained by direct detection experiments. In the composite singlet DM scenario, the composite nature of the DM allows it to escape detection in areas with $\documentclass[12pt]{minimal}
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                \begin{document}$$m_s \approx m_h/2$$\end{document}$. Conversely, the composite singlet can exist in a broader region, corresponding to different values of *f* and *r*, in which it can evade detection. In these regions the correct relic abundance can be produced only due to the derivative interactions. The small portal coupling needed in these regions would in general require some mild amount of fine tuning, unless one can find a way to suppress it e.g using symmetries or additional dynamics.

Appendix A:The complete Lagrangian {#Sec35}
==================================
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Appendix B:The scalar potential and its symmetries {#Sec36}
==================================================

In this appendix we discuss in detail the symmetry structure of the model and the scalar potential. The Higgs doublet is protected by two different shift symmetries. Each of the shift symmetries is contained inside a different *SU*(3) subgroup of *SU*(5) $$\documentclass[12pt]{minimal}
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